Introduction {#sec1-2470547019877651}
============

The pathogenesis of posttraumatic stress disorder (PTSD) includes a disrupted autonomic nervous system and dysfunction in the hypothalamic--pituitary--adrenal axis, both of which are associated with increased inflammation.^[@bibr1-2470547019877651],[@bibr2-2470547019877651]^ However, while several studies have shown an association of PTSD severity with increased inflammation^[@bibr3-2470547019877651],[@bibr4-2470547019877651]^ others have been equivocal.^[@bibr5-2470547019877651],[@bibr6-2470547019877651]^ Low-grade, chronic inflammation is also postulated as a mechanism behind the association between PTSD and development of chronic health conditions, including cardiovascular disease (CVD).^[@bibr1-2470547019877651],[@bibr7-2470547019877651]^ While other inflammatory conditions including major depression often co-exist with PTSD, the association of PTSD with inflammation remains even after adjustment for depression^[@bibr6-2470547019877651],[@bibr8-2470547019877651]^ or excluding patients with depression.^[@bibr9-2470547019877651]^

Studies of inflammation in patients with PTSD have mostly been prospective and have measured inflammation using biomarkers that are not collected as part of routine medical care. Unlike more specific biomarkers, such as C-reactive protein or interleukins, total blood white blood cell (WBC) count is routinely checked in clinical practice. WBC count has been used as a biomarker of chronic low-grade inflammation in PTSD where higher versus lower mean WBC count (within the normal range) is associated with high levels of other inflammatory biomarkers.^[@bibr10-2470547019877651]^ In a study of Vietnam veterans, those with PTSD versus those without had a higher mean WBC count and a higher likelihood of having levels above the normal range (odds ratio (OR) = 1.83, p = .04)^[@bibr11-2470547019877651]^ In a recent study (n = 163) of male combat-exposed veterans, Lindqvist et al. reported a higher mean WBC count in those with PTSD versus without PTSD^[@bibr10-2470547019877651]^ that was associated with other inflammatory biomarker elevation but not with PTSD severity. These studies were limited by their cross-sectional nature. In a recent prospective study of veterans, Eswarappa et al. studied the association of inflammatory biomarkers with PTSD trajectories over a 4-year follow-up period.^[@bibr12-2470547019877651]^ They reported that elevated mean WBC count (OR = 1.27; 95% confidence interval (CI): 1.10--1.47) was a significant predictor of persistent versus improving PTSD after adjustment for age, sex, physical activity, diabetes, body mass index (BMI), and smoking.^[@bibr12-2470547019877651]^ This study was limited by using only baseline WBC and lack of adjustment of other inflammatory conditions.

A meta-analysis including 20 studies indicates PTSD is associated with chronic low-grade inflammation^[@bibr13-2470547019877651]^; however, the existing studies linking PTSD with measures of chronic inflammation have been limited by small sample sizes, inconsistent methods of measuring inflammation and measuring it only at baseline, and short follow-up duration. One of the best resources for research on PTSD using "real-world" clinical data is the United States Veterans Health Affairs (VHA) administrative medical record data. VHA data provide the largest, national cohort of PTSD patients, a longer observation period to evaluate PTSD severity and ability to control for multiple comorbidities including inflammatory conditions. To assess the feasibility of using WBC count from VHA data and to measure the association between PTSD severity and inflammation, we compared the average of individual patient's maximum WBC counts in three distinct PTSD symptom trajectories. This study leveraged the strengths of a large retrospective cohort to study the association between PTSD and inflammation over a long observation time to determine whether a PTSD severity and chronicity were associated with a marker of chronic inflammation routinely collected from patients, i.e. total WBC count.

Methods {#sec2-2470547019877651}
=======

Study Population and Data Sources {#sec3-2470547019877651}
---------------------------------

VHA administrative medical record data were obtained from a random sample of 5916 patients aged 18 to 70 years with a PTSD diagnosis who used one of five PTSD specialty outpatient clinics between fiscal years (FY) 2008 to 2012. Additional details regarding the cohort creation have been previously reported.^[@bibr14-2470547019877651]^ The cohort observation period continued through 2015. Data elements included International Classification of Diseases, Ninth Revision (ICD-9) diagnosis codes, vital signs, laboratory results, medications, and demographic data. The study was approved by the institutional review board of participating institutions. A waiver of informed consent was obtained because this study used de-identified data.

PTSD Diagnosis and Severity {#sec4-2470547019877651}
---------------------------

PTSD was defined as two outpatient visits within a 12-month period or one inpatient stay for ICD-9 code 309.81 in FY08--12.^[@bibr15-2470547019877651],[@bibr16-2470547019877651]^ The date of initial PTSD diagnosis in FY08-12 was the index date. We used the Diagnostic and Statistical Manual of Mental Disorders, 4th edition, of the PTSD Checklist (PCL), a validated 17-item self-report questionnaire, to compute PTSD symptom trajectories, with scores ranging from 17 to 85.^[@bibr17-2470547019877651]^ Medical record data do not capture all PCL scores (e.g., those stored in physician notes); therefore, PCL data from administrative medical record abstraction were supplemented with manual chart abstraction conducted by Abt Associates' ([www.abtassociates.com](www.abtassociates.com)). Abt associates abstracted 22,287 valid PCL scores for encounters between FY2008 and FY2015. Administrative and manual chart abstraction data were combined, and after removing duplicates, there were 26,631 valid PCL scores for 4441 PTSD patients. Details about chart abstraction have been previously reported.^[@bibr18-2470547019877651]^

WBC Count Outcome {#sec5-2470547019877651}
-----------------

WBC counts measured from PTSD index date to the last PCL score in the three years following index date were extracted from administrative medical record laboratory result data. Extreme WBC count values (\<2 or \>20 × 10^9^/L) were excluded due to high likelihood of the presence of a confounding illness involving the immune system. If a patient had multiple WBC counts, the maximum (i.e. worst) was chosen as his or her outcome.

Covariates {#sec6-2470547019877651}
----------

Covariates were selected if they were potential confounders in the relationship of exposure group (PCL trajectory) and WBC count. Sociodemographic covariates included age, gender, and race. If a sociodemographic included missing data, a category for "unknown" was created so that cases would not be excluded from analyses.

Comorbid conditions were measured from PTSD index date to the last PCL date in the three-year period and chosen on their known association with WBC count and inflammation. These included other coexistent inflammatory conditions, depression,^[@bibr12-2470547019877651]^ obesity,^[@bibr19-2470547019877651]^ type 2 diabetes,^[@bibr20-2470547019877651]^ CVD,^[@bibr21-2470547019877651]^ hypertension,^[@bibr22-2470547019877651]^ and smoking.^[@bibr23-2470547019877651]^ Other inflammatory condition was based on the presence of any of the following diagnostic codes: infections/parasitic diseases (001.x--139.x), disorders involving immune mechanisms (279.x), disorders of WBCs (288.x), other blood diseases (289.x), kidney infections (590.x), urinary tract infection and related (595.x, 597.x, 599.0), orchitis/epididymitis (604.x), skin/subcutaneous infections (680.x--686.x), or pneumonia (480.x--488.x). Depression was defined by at least two outpatient diagnostic codes within a 12-month period or a single inpatient code for 296.2x, 296.3x, or 311.^[@bibr24-2470547019877651]^ Obesity was defined by the presence of a BMI ≥ 30 or an ICD-9 diagnostic code (278.00 and 278.01). Type 2 diabetes was defined as the presence of at least two diagnostic codes on separate days (250.x0, 250.x2, 357.2, 362.0x, 366.51). CVD was defined by the presence of an ICD-9 code for: hypertensive heart disease (402.x to 405.x), myocardial infarction (410.x, 411.x), ischemic heart disease (412.x to 414.x), disease of pulmonary circulation (415.x to 417.x), or other heart disease (420.x to 429.x). Hypertension was defined by the presence of ICD-9 code 401.x. Current smoking was identified with an ICD-9 code for nicotine dependence (V15.82, 305.1) or from patient-reported smoking status in VHA health factor data.

Sensitivity analysis allowed influenza diagnosis (ICD-9 codes 487.x and 488.x), and all ICD-9 codes related to injury (800.x to 959.x) to the list of co-existent inflammatory conditions which could occur anytime between index and last PCL value.

Analytic Approach {#sec7-2470547019877651}
-----------------

The first phase of the analysis conducted a latent class growth analysis (LCGA) using PROC TRAJ and maximum likelihood estimation in SAS v9.2 (SAS Institute, Cary, NC)^[@bibr25-2470547019877651][@bibr26-2470547019877651][@bibr27-2470547019877651]--[@bibr28-2470547019877651]^ to create three-year PTSD trajectories to differentiate PTSD patients with persistent symptoms versus those with symptom improvement over time based on similar methodology reported by Sripada et al.^[@bibr29-2470547019877651]^ The date of initial PTSD diagnosis was considered the "index date," the outcome was PCL score, and time was measured as months since PTSD index. For this analysis, patients were required to have ≥3 PCL scores in the three years after index (n = 1807), with one having to occur in the first year (n = 1603). If there were multiple PCL scores in a month, the first score was used.

LCGA is a semiparametric technique that is a specialized application of finite mixture modeling allowing the identification of distinct subgroups in a population defined by a developmental trajectory of a particular variable over time.^[@bibr30-2470547019877651][@bibr31-2470547019877651]--[@bibr32-2470547019877651]^ A censored normal distribution was used to fit the continuous data and following methods in Nagin (1999, 2005),^[@bibr31-2470547019877651],[@bibr33-2470547019877651]^ models with the highest polynomial order (quartic) were fit and up to five classes were specified. The number of trajectories in the final model was determined with Bayesian Information Criterion (BIC), entropy, interpretability of classes (i.e., size \> 5% prevalence and examination of trajectory plots), and average posterior probability \> 0.80 for those assigned to each group based on the maximum probability rule.^[@bibr25-2470547019877651],[@bibr31-2470547019877651][@bibr32-2470547019877651]--[@bibr33-2470547019877651]^ Once the number of groups was identified, polynomial orders were reduced until the highest order polynomial for each group was significant and BIC was minimized. The highest posterior probability of group membership was used to assign patients to a trajectory group. Supplementary Table 1 shows fit statistics and [Figure 1](#fig1-2470547019877651){ref-type="fig"} shows PCL score versus time using actual (solid) and model fitted (dashed) lines. Figure 1.Three-year PCL trajectories and predicted group membership probabilities. Group 1: moderate-large decrease; Group 2: moderate-severe-slight decrease; Group 3: severe-persistent; PCL: PTSD Checklist.

The second phase of the analysis used the PCL trajectory groups as the exposure and WBC count as the outcome. For this analysis, SAS v9.4 (SAS Institute, Cary, NC) was used with alpha set at 0.05. Eligible patients for this outcome analysis were the 1266 patients with at least one WBC count from PTSD index to last PCL score.

Descriptive analysis used chi-square tests and one-way analysis of variance with Tukey's post hoc comparisons to compare covariates between exposure groups as well as first and last PCL score between PCL trajectory groups. Crude and adjusted linear regression models were computed to measure the association of WBC count before and after accounting for covariates, with the "moderate-large decrease" trajectory as the reference category. Unstandardized beta's (B) and 95% CIs were calculated.

Results {#sec8-2470547019877651}
=======

[Table 1](#table1-2470547019877651){ref-type="table"} shows overall sample characteristics among the 1266 patients eligible for final analysis. Average age was 40.2 years (±13.5) and the majority of patients were White (67.9%) and male (83.7%). About half were obese (53.6%) or smokers (48.0%), 38.6% had other inflammatory conditions, 9.6% had type 2 diabetes, and about 76.9% had a diagnosis of depression. Overall average WBC count was 8.3 (±3.0) × 10^9^/L. Table 1.Overall descriptive statistics, VHA patients with PTSD aged 18 to 70 years with ≥3 PCL and ≥1 WBC count in three years after PTSD (n = 1266).Variable, n (%) or mean (±SD)Overall (n = 1266)Age (years), mean (±SD)40.2 (±13.5)Male gender, n (%)1060 (83.7)Race, n (%) White860 (67.9) Black281 (22.2) Other86 (6.8) Unknown39 (3.1)Other inflammatory conditions, n (%)489 (38.6)Depression, n (%)973 (76.9)Obese, n (%)679 (53.6)Type 2 diabetes, n (%)122 (9.6)Cardiovascular disease, n (%)180 (14.2)Hypertension, n (%)480 (37.9)Smoker, n (%)607 (48.0)First PCL, mean (±SD)61.7 (±12.7)Last PCL, mean (±SD)55.6 (±16.3)WBC count, mean (±SD)8.3 (±3.0)[^1]

Based on diagnostics and interpretability of classes, the LCGA identified a three-trajectory solution with predicted group membership probabilities characterized as "moderate-large decrease" (19.6%), "moderate-severe-slight decrease" (44.0%), and "severe-persistent" (36.4%) (see [Figure 1](#fig1-2470547019877651){ref-type="fig"} and Supplementary Table 1). Although BIC kept decreasing with added classes, additional trajectories were small and parallel to existing trajectories in the three-trajectory solution. Entropy also started to decrease dramatically after a three-trajectory solution indicating poorer prediction of trajectory membership. All average posterior probabilities for each trajectory were also \> 0.80 in the three-class solution.

There was a greater proportion of White race in the "moderate-large decrease" (73.2%) and "moderate-severe-slight decrease" (72.2%) compared to the "severe-persistent" group (60.9%) ([Table 2](#table2-2470547019877651){ref-type="table"}). Conversely, there was a greater proportion of Black race in "severe-persistent" (27.4%) followed by the "moderate-severe-slight decrease" (19.3%), and last by the "moderate-large decrease" (17.7%) groups. Depression was negatively associated with PTSD symptom reduction such that the highest proportion of patients with depression was in the "severe-persistent" group (84.5%), followed by the "moderate-severe-slight decrease" (75.2%) and the "moderate-large decrease" (63.2%) groups. Table 2.Covariate and PCL value comparisons between PCL groups, VHA patients with PTSD aged 18 to 70 years with ≥3 PCL and ≥1 WBC count in three years after PTSD (n = 1266).Variable, n (%) or mean (±SD)Moderate-large decrease (n = 209)Moderate-severe-slight decrease (n = 561)Severe-persistent (n = 496)p^[a](#table-fn3-2470547019877651){ref-type="table-fn"}^Age (years), mean (±SD)38.9 (±13.5)40.0 (±13.8)41.1 (±13.0).116Male gender, n (%)173 (82.8)461 (82.2)426 (85.9).243Race, n (%) White153 (73.2)405 (72.2)302 (60.9) Black37 (17.7)108 (19.3)136 (27.4).002 Other11 (5.3)33 (5.9)42 (8.5) Unknown8 (3.8)15 (2.7)16 (3.2)Other inflammatory conditions, n (%)75 (35.9)209 (37.3)205 (41.3).267Depression, n (%)132 (63.2)422 (75.2)419 (84.5)\<.0001Obese, n (%)106 (50.7)298 (53.1)275 (55.4).490Type 2 diabetes, n (%)13 (6.2)54 (9.6)55 (11.1).135Cardiovascular disease, n (%)32 (15.3)81 (14.4)67 (13.5).806Hypertension, n (%)59 (28.2)218 (38.9)203 (40.9).005Smoker, n (%)95 (45.5)278 (49.6)234 (47.2).544First PCL, mean (±SD)48.8 (±13.1)^a^59.2 (±10.4)^b^69.9 (±8.4)^c^\<.0001Last PCL, mean (±SD)34.0 (±11.3)^a^52.3 (±12.1)^b^68.5 (±9.1)^c^\<.0001[^2][^3]

Hypertension was most common in the "severe-persistent" (40.9%) and "moderate-severe-slight decrease" (38.9%) groups and least prevalent among those in the "moderate-large decrease" group (28.2%). Other inflammatory conditions, obesity, type 2 diabetes, CVD, and smoking were unrelated to PCL group ([Table 2](#table2-2470547019877651){ref-type="table"}).

[Table 3](#table3-2470547019877651){ref-type="table"} shows results of crude and adjusted linear regression models and [Figure 2](#fig2-2470547019877651){ref-type="fig"} shows crude and adjusted WBC count means by group. In crude analysis, compared to "moderate-large decrease" (mean = 7.83 × 10^9^/L), both "moderate-severe-slight decrease" (mean = 8.39 × 10^9^/L; B = 0.56, 95% CI = 0.08, 1.04) and "severe-persistent" (mean = 8.46 × 10^9^/L; B = 0.63, 95% CI = 0.14, 1.12) had significantly higher average WBC counts. Figure 2.Crude and adjusted WBC count by group. WBC: white blood cell (units = × 10^9^/L); PCL: PTSD Checklist. Table 3.General linear models---crude and adjusted linear regression models predicting mean WBC count (n = 1266).CrudeAdjustedVariableB (95% CI)pB (95% CI)pIntercept7.83 (7.42, 8.24)\<.00017.93 (7.13, 8.73)\<.0001PCL group Moderate-large decreaserefrefrefref Moderate-severe-slight decrease0.56 (0.08, 1.04).0220.42 (−0.02, 0.86).061 Severe-persistent0.63 (0.14, 1.12).0110.64 (0.18, 1.09).006Age (years)−0.03 (−0.04, −0.01)\<.0001Male gender−0.25 (−0.68, 0.18).248Race WhiteRefRef Black−1.92 (−2.31, −1.53)\<.0001 Other0.001 (−0.61, 0.62).997Other inflammatory conditions0.98 (0.66, 1.30)\<.0001Depression0.29 (−0.08, 0.66).123Obese0.26 (−0.06, 0.57).113Type 2 diabetes0.50 (−0.07, 1.06).085Cardiovascular disease0.80 (0.33, 1.27).001Hypertension0.70 (0.33, 1.07).0002Smoker1.18 (0.86, 1.49)\<.0001[^4]

Mean differences were attenuated in the adjusted model. There was no longer a statistically significant difference in average WBC between "moderate-large decrease" and "moderate-severe-slight decrease" (B = 0.42, 95% CI = −0.02, 0.86). Yet, mean WBC count remained significantly greater in the "severe-persistent" versus the "moderate-large decrease" (B = 0.64, 95% CI = 0.18, 1.09). Black compared to White race had an average 1.92 units lower WBC count (p \< .0001). Other inflammatory conditions (p \< .0001), CVD (p = .001), hypertension (p = .002), and current smoking (p \< .0001) were all positively associated with a higher average WBC count.

Results of sensitivity analysis which expanded the number of coexistent inflammatory conditions to include influenza and injury produced similar results and did not change our conclusions.

Discussion {#sec9-2470547019877651}
==========

In this study, we report that patients with PTSD who experienced persistently severe PTSD symptoms and those with only a small improvement had a higher level of inflammation as measured by WBC count compared to patients who experienced large PTSD symptom decreases over time. This association remained even after adjustment of multiple comorbidities and inflammatory conditions. Our study also suggests a dose--response relationship with WBC count and PTSD severity. The highest counts were noted in those with persistent, severe PTSD followed by those with modest improvement and lowest in those who experienced largest PTSD symptom improvement. While we observed only modest differences in the magnitude of WBC count between PTSD severity trajectories and values would not warrant clinical intervention, our results demonstrate the feasibility of potentially using WBC count in large medical record databases as an indicator of PTSD severity.

Our finding of three distinct PTSD symptom trajectories ("large decrease," "slight decrease," and "stable high") are similar to those reported by Sripada et al. in a study of PTSD severity in 2237 veterans, also using latent trajectory analysis.^[@bibr29-2470547019877651]^ In our study, we note that besides higher WBC count, PTSD severity was also associated with Black race, depression, and hypertension. Similar to our findings, Sripada et al. also reported Black race and comorbid depression to be associated with PTSD severity. Black race^[@bibr34-2470547019877651]^ and depression^[@bibr35-2470547019877651]^ have been reported to be associated with severe, treatment-resistant PTSD in other studies as well. Unlike previous studies that focused primarily on sociodemographics and mental health comorbidities, we also included common clinical conditions such as type 2 diabetes, CVD, and hypertension in our analysis. We noted that hypertension, prevalent in 37.9% of our study sample, was also associated with PTSD severity. This interesting finding needs further investigation.

While inflammation is a potentially modifiable risk factor, there are lack of data regarding the role of inflammation in the severity of PTSD.^[@bibr36-2470547019877651]^ WBC count is a promising biomarker of inflammation that is readily available in electronic health record databases. It also does not have issues with testing bias or the expense of conducting prospective studies with more specific biomarkers. To our knowledge, this is the first study to assess the association between three-year PTSD symptom trajectories and WBC counts using medical record data. The observations by Eswarappa et al.^[@bibr12-2470547019877651]^ were similar to our findings where severe PTSD symptom trajectory was associated with greater level of inflammation. However, a limitation of this study was that only baseline mean WBC count was taken into consideration, while we chose the worst (i.e. maximum) WBC count per patient among all counts available after PTSD diagnosis. Second, this prior study did not adjust for an extensive array of conditions that can influence WBC count as can be done in medical record database study like ours.

To our knowledge, our study adjusted for the most comprehensive array of medical conditions associated with inflammation and elevated WBC count among all PTSD studies published to date. These conditions included those known to be associated with chronic low-grade inflammation such as depression,^[@bibr12-2470547019877651]^ obesity,^[@bibr19-2470547019877651]^ type 2 diabetes,^[@bibr20-2470547019877651]^ CVD,^[@bibr21-2470547019877651]^ hypertension,^[@bibr22-2470547019877651]^ and smoking.^[@bibr23-2470547019877651]^ In addition, we also adjusted for conditions directly influencing WBC count such as infections and hematological disorders that we grouped under "other inflammatory conditions." In addition to the severity of PTSD symptoms, we also found "other" inflammatory conditions, CVD, hypertension, and current smoking to be associated with a higher WBC count. In addition, Black (compared to White) race was associated with a lower average WBC count which is consistent with previous reports.^[@bibr37-2470547019877651]^

The mechanism behind the association of higher WBC count and severity of PTSD is not clear. Chronic stress and inflammatory cytokines are known to regulate the hematopoietic stem cell activation.^[@bibr38-2470547019877651],[@bibr39-2470547019877651]^ Stress hormones can induce redistribution of immune cells.^[@bibr40-2470547019877651]^ It is possible that stress and inflammation associated with severe PTSD increase the production or redistribution of WBCs leading to higher counts.

Limitations of our study include unknown generalizability towards non-VHA patients with PTSD. As with all retrospective observational cohort studies, we sacrifice fixed data collection times, only possible in a prospective study, for analysis that is relevant to the real-world patient population seeking care for PTSD. We did not control for prescription or over the counter anti-inflammatory medications given the likelihood of these being collinear with inflammatory conditions. We did not have data about specific PTSD symptoms and it is possible that some symptoms or symptom clusters could be more strongly associated with inflammation than others. Because we did not measure change in WBC, we are not able to draw conclusions about the direction of effect or causality. Lower inflammation may be associated with improvement in PTSD or patients with less inflammation may be at less risk for severe PTSD. Finally, undiagnosed comorbid conditions associated with inflammation could contribute to our results. For example, we do not have data on measures of work-related stress, fatigue, diet, or sleep deprivation.

In conclusion, we report that persistent, severe PTSD as compared to significantly improved PTSD is associated with a higher level of total WBC counts. WBC count has the potential to be used clinically as a marker of inflammation and to identify the persistently severe and treatment-resistant subgroups of PTSD patients. Our findings need to be validated in nonveteran cohorts of PTSD patients and using longer follow-up durations that will enable the study of associations of changes in WBC counts with PTSD symptoms trajectories.
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[^1]: VHA: Veterans Health Administration; PTSD: post-traumatic stress disorder; PCL: PTSD Checklist; WBC: white blood cell count (units = × 10^9^/L)

[^2]: VHA: Veterans Health Administration; PTSD: post-traumatic stress disorder; PCL: PTSD Checklist; WBC: white blood cell count (units = × 10^9^/L); ANOVA: analysis of variance. Means with same subscripts are *not* significantly different between PCL groups, Tukey post-hoc p \> .05.

[^3]: Chi-square test or omnibus ANOVA.

[^4]: PTSD: posttraumatic stress disorder; PCL: PTSD Checklist; WBC: white blood cell count (units = × 10^9^/L); B: unstandardized regression coefficient; CI: confidence interval.
